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Introduction: 

Recent developments l imi t ing  petroleum supplies have in tens i f ied  the search 
fo r  other sources of energy and chemical feedstocks. 
coa l ,  of which l i gn i t e s  a r e  espec ia l ly  abundant i n  the  U.S.  ( l ) ,  and those renew- 
ab le  resources termed biomass, of which l ign in  i s  a major component ( 2 ) .  Commercial 
methods f o r  processing both coal and biomass invariably involve h i g h  temperature 
treatments, aspects of which h a v e  been investigated in many laboratory pyrolyses of 
l ign in  and l i gn i t e s  (3-5). Unfortunately, the  bas ic  pathways and reaction mechan- 
isms involved in these pyrolyses have remained obscure, on account both of the 
refractory nature of the subs t ra tes  and the lack of unequivocal chemical s t ruc tures  
t o  describe them. Pyrolyses of several  very simple l ign in- re la ted  subs t ra tes  have 
a l so  been reported, notably by Russian inves t iga tors  (6-11). Among these,  the py- 
rolyses of anisole and guaiacol (6-9) have been interpreted (11) i n  terms of ana- 
logous f r ee  radical demethylation and detnethoxylation mechanisms which describe 
the  formation of the observed gaseous products, methane and carbon monoxide, b u t  
a r e  unable t o  r a t iona l i ze  the  corresponding observed l iqu id  products, benzene, 
phenol, and catechol. 
theoretical  or experimental, f o r  modeiling gas re lease  during pyrolysis of l i gn i t e s  
and l ignin.  

First, the primary evolution 
of gas during l i g n i t e  pyrolysis i s  presumed t o  occur from l ign in- re la ted ,  residues 
i n  the coal. Second, i t  is  hypothesized t h a t  t he  molecular topology of lignoid 
s t ruc tures  favors elimination of gases by concerted per icyc l ic  reactions which a re  
thermally ( i . e . ,  ground state)-allowed. In regard t o  the  f i r s t  hypothesis, the 
evolutionary l ink  between biomass and coal i s  r e l a t i v e l y  well established (12,13! 
w i t h  l ignin akin to  peat, which i s  adjacent to  l i g n i t e  i n  the coa l i f i ca t ion  se r i e s .  
I t  i s  therefore qu i t e  reasonable to  expect l ign in- re la ted  residues in l i g n i t e ;  
indeed, such residues can be recognized i n  most s t ruc tu ra l  models (1 ,14) of th i s  
Coal. Our second hypothesis, which has n o t  h i the r to  been mooted, i s  based on ana- 
l y s i s  of the Freudenberg model of l i gn in  ( 2 )  i n  l i g h t  of the  Woodward-Hoffman (15) 
description of therm1 per icyc l ic  reac t ions .  Such analyses revealed a variety of 
lignoid chemical moieties suscept ib le  t o  pyrolysis by per icyc l ic  pathways t h a t  in- 
volve elimination of gaseous products such a s  methane, carbon monoxide, carbon d i -  
oxide and water. According t o  the  per icyc l ic  formalism, methane m i g h t  o r ig ina te  
by concerted 6e(onu) group-transfer elimination from a guaiacyl moiety: 

( R O )  

Two such a l t e rna t ives  a r e  

Overall ,  t he  l i t e r a t u r e  s t i l l  provides no framework, e i ther  

T h i s  motivated the present work. 

Our investigation der ives  from two hypotheses. 

p%[q &Ctl q -+ + +g; T 3 , .  
OH t+ 

Guaiacyl 6e Transit ion o-diquinone + Methane 
Moiety S ta t e  Products 

The guaiacyl moiety i s  r e l a t i v e l y  abundant i n  the  l ign in  s t ruc tu re  i t s e l f ,  w i t h i n  
coniferyl alcohol monomer uni t s  which have suffered polymerization in the 5 and/or 
6 Positions; guaiacyl moieties can a l s o  a r i s e  from reversion of the prevalent 
6-ether linkage between monomer units. 
a r i s e  by cheletropic extrusion of a carbonyl u n i t ,  such as t h a t  i n  coniferaldehyde, 

In s imi la r  vein,  carbon monoxide could 
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and carbon d i o x i d e  by c y c l o - r e v e r s i o n  o f  l a c t o n e s  and a r y l - c a r b o x y l  i c  ("humic") 
ac ids .  
t i o n s  among the g u a i a c y l - g l y c e r o l  u n i t s  i n  l i g n i n ,  p o s s i b l y  f o l l o w i n g  B-ether  r e -  
ve rs ion .  

F i n a l l y ,  p e r i c y c l i c  e l i m i n a t i o n  o f  wa te r  c o u l d  r e s u l t  f rom r e t r o - e n e  reac -  

The preceding hypotheses f o r  gas r e l e a s e  f rom l i g n i t e s  a r e  amenable t o  e x p e r i -  
menta l  p rob ing  by p y r o l y s i s  o f  a p p r o p r i a t e  model compounds. I n  t h e  p resen t  paper we 
r e p o r t  p r e l i m i n a r y  r e s u l t s  f o r  two s e r i e s  o f  subs t ra tes  r e s p e c t i v e l y  assoc ia ted  
w i t h  methane and w i t h  carbon monoxide p roduc t i on .  Methane f o r m a t i o n  was examined 
by  pyro lyses o f  gua iaco l ,  t h e  p r o t o t y p i c a l  gua iacy l  moiety ,  a long  w i t h  a n i s o l e  (con- 
t r o l ) ,  and a nu!iiber o f  s u b s t i t u t e d  guaiacols ,  i n c l u d i n g  2,6 dimethoxyphenol, i s o -  
eugenol, and v a n i l l i n .  Carbon monoxide r e l e a s e  was i n v e s t i g a t e d  by  p y r o l y s i n g  
benzaldehyde, t h e  p r o t o t y p i c a l  moiety ,  a long  w i t h  r e l a t e d  ca rbony l  compounds i n -  
c l u d i n g  acetophenone ( c o n t r o l ) ,  cinnanialdehyde and v a n i l l  i n ,  t h e  l a t t e r  two res -  
p e c t i v e l y  in tended t o  i l l u s t r a t e  t h e  e f f e c t s  o f  extended c o n j u g a t i o n  and gua iacy l  
s u b s t i t u t i o n .  

Experimental : 

98% and were used as rece ived .  
" t u b i n g  bombs", fash ioned f rom Swagelok components and r a n g i n g  i n  volume f rom 0.6 
t o  10.5 cnd. 
w h i l e  the sma l le r  r e a c t o r s  were used t o  m in im ize  heat-up and quench t imes i n  ex- 
per iments o f  s h o r t  d u r a t i o n .  K i n e t i c  data were demonstrab ly  u n a f f e c t e d  by v a r i a -  
t i o n s  i n  r e a c t o r  volume. A11 r e a c t o r s  were loaded and sea led  i n  a g love  box main- 
t a i n e d  w i t h  an i n e r t  atmosphere o f  e i t h e r  n i t r o g e n  o r  argon, t h e  i n e r t  s e r v i n g  as 
an i n t e r n a l  s tandard i n  l a t e r  gas analyses. The r e a c t o r s  were t h e n  immersed i n  a 
f l u i d i z e d s a n d b a t h  f o r  t h e  d u r a t i o n  o f  r e a c t i o n  and f i n a l l y  quenched i n  an i c e  
wa te r  bath. The p y r o l y s i s  experiments were conducted a t  temperatures f rom 250 t o  
600 C, w i t h  h o l d i n g  t imes o f  2 t o  40 minutes.  
h e l d  t o  l e s s  than 30%, i n  an e f f o r t  t o  emphasize p r imary  r e a c t i o n s ;  however, k ine -  
t i c  data were a l s o  obta ined a t  ve ry  low convers ions,  o f  < 10% f o r  some subs t ra tes  
which were prone t o  form coke, and a t  h i g h  convers ions,  up t o  90%, i n  o t h e r  s e l -  
ec ted  instances.  The amount of s u b s t r a t e  charged va r ied .  f rom 10 t o  200 mg, t o  pro-  
v i d e  i n i t i a l  s u b s t r a t e  concen t ra t i ons  rana ing  f rom 0.15to 3.1) mol/ i l  i n  t h e  gas 
phase. 
5730 inst rument .  Gaseous products ,  sampled by s y r i n g e ,  were analysed on mo lecu la r  
s ieve ,  s i l i c a  ge l ,  and Porapak Q columns u s i n g  h e l i u m  c a r r i e r  gas and thermal  con- 
d u c t i v i t y  de tec to rs .  
and analysed on Porapak P and Q, and s i l i c o n e  o i l  columns, u s i n g  e i t h e r  thermal 
c o n d u c t i v i t y  o r  f l a m e - i o n i z a t i o n  d e t e c t i o n .  Care was taken  t o  e f f e c t  m a t e r i a l  
ba lance c losu res  and t o  match gas and l i q u i d  p r o d u c t  y i e l d s .  I n  a l l  cases, t he  
l i q u i d  (and s o l i d )  phase m a t e r i a l  balance, which i n v a r i a b l y  i n c l u d e d  unreacted sub- 
s t r a t e ,  cou ld  be c losed  t o  w i t h i n  +lo$. I n  f a v o r a b l e  cases, where r e a c t i o n  s t o i -  
ch iomet ry  was known, the  abso lu te  gas and l i q u i d  products  agreed t o  w i t h i n  + l o %  o f  
each o the r  and separa te l y  equa l l ed  the  amount o f  s u b s t r a t e  conver ted.  However i n  
c e r t a i n  o t h e r  cases, noted i n  t h e  t e x t ,  r e a c t i o n  s t o i c h i o m e t r y  was u n c e r t a i n  and 
p r e c i s e  match ing of gaseous and l i q u i d  products  impossib le ;  i n  such ins tances ,  
s u b s t r a t e  decomposi t ion k i n e t i c s  were based on 1 i q u i d  phase analyses.  

Resu l t s :  

The subs t ra tes  py ro l ysed  were a l l  commerc ia l lv  a v a i l a b l e  i n  p u r i t i e s  exceeding 
The batch r e a c t o r s  employed were s t a i n l e s s  s t e e l  

The l a r g e r  r e a c t o r s  were equipped w i t h  v a l v e s  f o r  gas sampling, 

Subs t ra te  convers ions  were g e n e r a l l y  

Product analyses were e f f e c t e d  by gas chromatography on a Hewlet t -Packard 

L i q u i d  and s o l i d  r e a c t o r  con ten ts  were d i s s o l v e d  i n  s o l v e n t  

Table 1 sumnarizes t h e  p resen t  exper imenta l  g r i d .  F o r  each s u b s t r a t e  pyre- 
l ysed ,  the t a b l e  l i s t s  chemical s t r u c t u r e ,  p u r i t y ,  and r e a c t i o n  c o n d i t i o n s  of  
temperature, h o l d i n g  t ime and concen t ra t i on .  The exper imen ta l  r e s u l t s  w i l l  be 
descr ibed i n  t h r e e  p a r t s ,  namely ( i )  p r o t o t y p e  py ro l yses ,  of gua iaco l  and benzal -  
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dehyde, which revealed major pathways fo r  methane and carbon monoxide f o r m t i o n ,  
( i i )  subs t i tuentef fec ts ,  in fer red  from pyrolyses of subs t i tu ted  guaiacols and 
benzaldehydes, and ( i i i )  control pyrolyses,  of the r e l a t ive ly  re f rac tory  sub-  
s t r a t e s  an iso le  and acetophenone, f o r  comparisons with the prototype pyrolyses. 

( i )  Prototype Pyrolyses 

the only products a t  low conversions; a t  high conversions a so l id  'coke' a l so  
formed, being accompanied by reduced y i e lds  of catechol r e l a t ive  t o  the other 
products. Relationships among products a r e  i l l u s t r a t e d  i n  Figure 1.  The mol 
r a t io s  of (methane/catechol), Figure l a ,  and (carbon monoxide/phenol), Figure 
lb ,  were each separately c lose  to  unity in  e s sen t i a l ly  a l l  cases,  covering 
fractional subs t ra te  conversions 0.5 x 10 -3 < x < 0.10 a t  a l l  temperatures 
from 250 t o  450 C. Also, the  mol r a t i o s  of (CO/CH4) and (phenol/catechol) 
were each subs tan t ia l ly  independent o f  subs t r a t e  conversion a t  any given 
temperature, as  shown in Figure IC .  
pathways f o r  guaiacol decomposition, respectively termed ( R l )  and ( R 2 ) :  

Guaiacol pyrolysis yielded methane, carbon monoxide,cztechol and phenol as  

These observations suggest two para l le l  

The parentheses t o  the r i g h t  of each expression ind ica te  the d i f fe rence  in 
hydrogen atoms between the subs t r a t e  and the  observed pair  of s t ab le  products. 
The order of reactions (Rl )  and (E2) w i t h  respect t o  guaiacol was examined 
by varying the i n i t i a l  subs t r a t e  concentration from 0.45 t o  3.0 mol/l i n  a 
s e r i e s  of experiments a t  T = 350C. These data a r e  disnlayed i n  Figure 2, 
parts a ,  b ,  and c of which respec t ive ly  p lo t  the var ia t ion  with time of guaiacol, 
catechol, and phenol concentrations,  each normalized by the i n i t i a l  guaiacol con- 
centration. O n  the co-ordinates of Figure 2, a reac t ion  w i t h  r a t e  expression 
r = kCa , i .e. r a t e  constant k and order a ,would y i e ld  an i n i t i a l  slope 
I dln  (C/Co)/ d t l  In each of Figures 2a, 2 b ,  and 2c, a sin- 
g l e  average slopesufficed t o  descr ibe  a l l  of the  data.  No systematic varia- 
t ion of i n i t i a l  s lope  w i t h  i n i t i a l  subs t ra te  concentration could be discerned 
and t h e  absolute uncer ta in t ies  i n  the s lope ,  respectively ?20% in Figures 2a 
and 2b and *50% i n  Figure Zc, were small r e l a t i v e  t o  the seven-fold range of 
i n i t i a l  concentrations used. The foregoing show tha t  a=l  f o r  each o f  reac- 
t ions (Rl) and ( R 2 ) ;  t h a t  i s ,  the k ine t ics  of guaiacol disappearance, catechol 
appearance, and phenol appearance were a l l  e s sen t i a l ly  f i r s t  order i n  guaiacol. 
Further study of guaiacol pyrolyses a t  temperatures from 330 t o  525 C w i t h  
fixed i n i t i a l  concentration 0.45 mol/l revealed the temperature-dependence of the 
f i r s t  order r a t e  constants kl and k2 respectively associated w i t h  reactions 
(R1) and CR2). These r e su l t s  a r e  shown in Figure 3,  a n  Arr enius diagram w i t h  
co-ordinates of log k ( 5 - j )  vs. reciprocal temperature e - ?  where 0 = 
4.573 x T i n  Kigvins; on these co-ordinates,  the usual Arrhenius re la t ion-  
s h i p  describes a s t r a i g h t  l i n e ,  loglok = logl A - E*/e, where the pre-exponen- 
t i a l  factor A has units of the r a t e  constant f! and the ac t iva t ion  energy E* 
is  expressed in kcal/mol. In Figure 3 i t  is evident t h a t  log1 k (sho n by 
Circles) increases l i nea r ly  with decreasing reciprocal tempera?uJe 
an Arrhenius re la t ionship  over a range of f i v e  orders of magnitude i n  k l .  
bes t  f i t  of these data y i e lds  Arrhenius parameters o f  (log1 A ( s - I ) ,  
E: (kcal/mOl)) = (10.9 * 0 .5  , 43.7 
Figure 3, loglokz (squares) is seen t o  increase l i nea r ly  w i t h  e-1 over a range 

+, 0 = kC0a-l 

obeying 
The 

1.4) f o r  the reac t ion  TR1). Also i n  

182 



I 
1 
1 

of four orders of magnitude in k 
(logleA (s-11 E* (kcal/mol)) = (?1.5 2 0.5,  47.4 f 1.6) f o r  reac t ion  ( R 2 ) .  These 
resu s also reveal t h a t  the  s e l e c t i v i t y  of ( C O / C H 4 )  formation from guaiacol,  given 
d i r ec t ly  by the  r a t io  (kz /k l ) ,  was typ ica l ly  o n  the order of 10-1 b u t  increased 
with increasing temperature, from 0.05 a t  300C t o  0.25 a t  450C. 

ducts; t races  of biphenyl and phenolic products were a l so  de tec ted ,  t h e i r  concen- 
t r a t ion  being from oneto two orders of magnitude l e s s  t h a n  t h a t  of benzene. 
mole r a t i o  of (CO/benzene)products was unity,  1.0 t 0.1, while t he  mols of CO and 
of benzene formed each c lose ly  equalled the moles of benzaldehyde t h a t  disappeared 
i n  a l l  cases,  covering f rac t iona l  subs t ra te  conversions from 0.01 t o  0.30 a t  temp- 
e ra tures  from 300 to  550C. T h u s  the benzaldehyde pyrolysis pathway was evidently:  

and t h i s  provides the  Arrhenius parameters 

Benzaldehyde pyrolysis yielded carbon monoxideand benzene as  the  major pro- 

The 

Variation of the  i n i t i a l  subs t ra te  concentration from 0.45 t o  3.0 mol/L a t  T = 400C 
showed reacticn (R3) t o  be s t r i c t l y  f i r s t  order i n  benzaldehyde, w i t h  the  r a t e  con- 
s t an t  k3 = (8.0 ? 2.0) x 10-3 s-1 e s sen t i a l ly  independent of concentration. F i n a l -  
l y ,  measurements of reaction (R3) k ine t ics  a t  temperatures from 300 t o  500C pro- 
vided the  data shown i n  Figure 4, a n  Arrhenius y lo t .  
( c i r c l e s )  increased l i nea r ly  with decreasing e- , the  best f i t  Arrhenius parameters 
being (loglo A ( s - I ) ,  E* (kca l /mol) )  = (9.5 f 0.8,  41.5 2 2.7).  

( i i )  Substi tuent Effects 

I t  i s  evident t h a t  log lo  k i  

Pyrolyses of 2,6 dimethoxyphenol, iso-eugenol, van i l l i n ,  and t-cinnamaldehyde 
probed the e f f ec t  of subs t i tuents  o n  t h e  prototype pathways described above. 

B o t h  o f  the  2,6 dimethoxyphenol and iso-eugenol subs t ra tes  decomposed c l ea r ly  
by pathways (R1) and ( R 2 )  analogous t o  guaiacol t o  y ie ld  methane, carbon monoxide, 
and the  corresponding 1 i q u i d  produs$, namely: 

v 'VI1 - .  
where the substit:Ient R i s  e i t h e r  6-methoxy o r  4-propenyl. 
r e su l t s  are sumar'zed i n  Table 2 which gives a matrix of f i r s t  order r a t e  con- 

type pathway. In Table 2 ,  values of k l  and k2  obtained f o r  each of 2,6 dinethoxy- 
phenol and iso-eugenol a r e  c lose  to  the  corresponding values f o r  guaiacol. That i s ,  
the kinetics of both methane and carbon nonoxide formation from these two subs t i tu ted  
guaiacols were very s imi la r  t o  those from guaiacol i t s e l f .  

Vanillin pyrolysis yielded C O  and methane as  the  principal gaseous products, 
the former predominant. Among l iqu ids ,  a t  low conversions, guaiacol and dihydroxy- 
benzaldehyde were na jor  products, the former predominant, while a t  higher conver- 
sions catechol also arose,  along w i t h  l e s se r  amounts of phenol; a t  t he  highest con- 
versions so l id  coke formed. A t  conversions of 0.02 < X < 0.20, the  mol r a t i o s  of 
(CO/guaiacol) and (CHq/dihydroxybenzaldehyde) were each approximately unity;  the  
l a t t e r  p a i r  of products were always l e s s  than the  former a t  low conversions, with 
the r a t i o  (CH4/CO) 
posed by pathways o!?he type (R3) and (R1) e a r l i e r  es tab l i shed  for benzaldehyde 
and guaiacol : 

The dssociated k ine t ic  

s t an t s ,  loglok ( 5 -  1 1, obtained a t  400C fo r  each subs t ra te  decomposing by each proto- 

0.1- a t  T = 400C. These data suggest t h a t  vanill i  n decom- 
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A t  high subs t ra te  conversions, t he  guaiacol and dihydroxybenzaldehyde products 
could fur ther  decompose by the  same kinds of pathways t o  y i e ld  the  catechol and 
phenol products observed. Kinetic data f o r  van i l l i n  pyrolysis a t  400°C are  summa- 
rized in Table 2 .  I t  i s  noteworthy t h a t  the r a t e  constant k f o r  van i l l i n  f a r  
exceeded t h a t  f o r  benzaldehyde while the r a t e  constant k was e s sen t i a l ly  equal 
t o  tha t  from guaiacol. T h u s  t he  r a t e  of arylaldehyde deiarbonylation was markedly 
enhanced by the  guaiacyl subs t i t uen t s  while the r a t e  o f  guaiacyl demethanation was 
v i r tua l ly  unaffected by the  carbonyl subs t i tuent .  

Pyrolysis o f  t-clnnamaldehyde y ie lded  CO a s  t he  major gaseous product, w i t h  
much smaller amounts of hydrogen, methane, and acetylene a l so  detected.  
of l iquid products arose among which a dimeric condensation product, phenols, plus 
cresols,  and styrene,  were each appreciable,  along w i t h  l esser  amounts of toluene, 
benzene, other a1 kyl benzenes and biphenyl. 
have n o t  y e t  been f u l l y  established. 
of (CO/styrene) products always approached unity a t  low subs t r a t e  conversions and 
the kinetics of styrene appearance were e s sen t i a l ly  f i r s t  order in subs t ra te  over 
a three-fold range of i n i t i a l  concentrations a t  350°C. 
i so la t ion  of a pathway o f  type (R3) f o r  CO formation from cinnamaldehyde: 

A number 

Product pathways f o r  t h i s  pyrolysis 
tiowever i t  was s ign i f i can t  t ha t  the  mol r a t i o  

This allows ten ta t ive  

The f i r s t  order r a t e  constant k 
three-fold grea te r  than t h a t  fo8  benzaldehyde, suggesting t h a t  decarbonylation 
r a t e s  are enhanced by conjugation. 

(iii) Control Pyrolyses 

Anisole pyrolysis produced methane and carbon monoxide as  the  major gaseous 
products with hydrogen a l so  present i n  appreciable amounts. The major l iqu id  prod- 
uc ts  were ortho-cresol , phenol, and benzene, with smaller amounts of toluene, xy- 
lenes ,  and xylenols a l so  detected.  A t  low subs t r a t e  conversions, the  product pro- 
portions were strongly influenced by reaction temperature. 
found tha t  CH4:CO::1 .0:0.4 and o-creso1:phenol:benzene: :3:1 :O.l, whereas a t  55OOC 
these r a t io s  were CH4:CO: :1:1 and o-cresol :phenol :benzene: :0.6:1 : l .  Among 
products, the r a t i o s  (methane/phenol) = 0.2 ? 0.1 and (CO/benzene) = 0.6 ? 0.2 
were roughly constant a t  subs t r a t e  conversions 0.01 < x < 0.30 and T = 450OC. 
Anisole pyrolysis thus appears t o  involve a t  l e a s t  th ree  major pathways, namely, 
re-arrangement t o  o-cresol,  formation of methane and phenol, and the  formation 
of CO and benzene. Further experiments a t  T = 450°C and spanning i n i t i a l  subs t ra te  
concentrations from 0.45 t o  3.1 mo1/2 showed t h a t  the overall  subs t r a t e  disappear- 
ance, as well as  the normalized phenol and benzene product appearances, were a l l  
e s sen t i a l ly  f i r s t  order i n  an iso le .  This allowed association of a f i r s t  order rate 
constant with the overall  an iso le  disappearance, termed reaction (R4): 

f o r  cinnamaldehyde, shown i n  Table 2 ,  was about 

Thus  a t  400’C i t  was 

(R4) @ k& a l l  products 
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where (R4) i s ,  of course, a sum of the  individual an iso le  decomposition pathways 
ident i f ied  above b u t  not a s  ye t  dec is ive ly  delineated. Study of (R4) a t  various 
temperatures provided the  values of k 
responding Arrhenius parameters f o r  ogerall  an iso le  decomposition a re  
(1oglOA(S- 1, E*(kcal/mol)) = (12.12 0.8, 51.4 ? 2.4).  
of k f o r  anisole a t  T = 400°C i s  a l so  quoted i n  Table 2 ,  f o r  comparison w i t h  
guai?col. 
t ion by ( R 4 )  was typ ica l ly  a t  l ea s t  an order of magnitude slower than guaiacol 
decomposition by (R1) i n  the present experiments. 
k ine t ics  of CH4 and CO formation from guaiacol and from aniso le  cannot y e t  be made 
b u t  the  data 
the former substrate.  

products with (CO/CH,) 2r 2; hydrogen was a l so  present.  
were complex, benzene, toluene, xylenes and s tyrene  being the major components, 
along w i t h  apparent dimers; addi t iona l ly  present were benzaldehyde, biphenyl, 
c reso ls ,  and aromatic e thers .  
and l iqu id  products, precluding enunciation of possible pyrolysis pathways. The 
overall decomposition of acetophenone was found t o  be roughly f i r s t  order i n  
subs t ra te  a t  T = 550°C f o r  i n i t i a l  concentrations from 0.14 t o  1.4 mol/L. This 
allows use of a f i r s t  order overall  decomposition pathway of type (R4): 

depicted i n  f i gu re  3 (diaponds 1; the Cor- 

The value 1 

From Figure 3 and Table 2 i t  i s  c l e a r  t h a t  the overall  an iso le  decomposi- 

Exact comparisons between the  

suggest t h a t  b o t h  gases form roughly a hundred times f a s t e r  from 

Acetophenone pyrolysis led t o  carbon monoxide and methane a s  the major gaseous 
Liquid product spectra 

No c l ea r  l ink  has ye t  been established between gas 

I 
Experiments on acetophenone pyrolyses a t  various temperatures yielded the  values of 
the r a t e  constant k 
parameters for  over41 1 acetophenone decomposi t i on  a re  
(loglOA(s- ), E*(kcal/mol)) = (10.3 ? 1.6,  50.7 ? 5.8). 
phenone a t  400°C i s  given i n  Table 2 ,  f o r  comparison w i t h  benzaldehyde. 
Figure 4 and Table 2 i t  can be seen t h a t  overall  acetophenone decomposition by 
(R4) i s  more t h a n  two orders of magnitude slower than benzaldehyde decomposition 
by (R3) i n  the present experiments. 

Discussion : 

i n  a few instances. Prior s tudies  of guaiacol pyrolysis (8-10) provide no activa- 
t ion parameters b u t  do give overall  decomposition r a t e  constants loglok(s-1) = 
-1.0 a t  500C and -0 a t  540C which are of the order of magnitude of our log O k l  fo r  
guaiacol i n  t ha t  temperature range. An e a r l i e r  study of benzaldehyde pyrolysis (16) 
yielded an overall decomposition r a t e  constant loglOk(s-1) = -2 .2  a t  550C which 
agrees with our value of loglok 2.3 a t  550C. Two pr ior  an iso le  pyrolysis ( E , 7 )  
a t  500C y ie ld  overall  decomposiiiin-rate constants log lok(s - l ]  = -1.8 and -1.9 
which compare favorably w i t h  our value of log10k4 = -2.5 a t  490C. 
so l e  pyrolysis (17) a t  800C showed a product spectrum akin t o  ours but w i t h  the  
r a t i o  of (CO/CH4)  and (benzene/phenol) each - 3 ,  which accords w i t h  our observa- 
tions showing these r a t io s  to  increase from -0.3 a t  350C t o  -1.0 a t  550C. In sum- 
mary,pyrolysis data from the  present study a r e  i n  reasonable agreement w i t h  the 
available l i t e r a t u r e  f o r  guaiacol,  benzaldehyde and an i so le ,  lending credence t o  
our experimental methods and hence to  those r e s u l t s  reported here f o r  the  f i r s t  

shown i n  Figure 4 (diamonds ); the  corresponding Arrhenius 

1 A value of k4 f o r  aceto- 
From 

Comparisons of the present r e su l t s  w i t h  previous l i t e r a t u r e  i s  possible only 

Also ,  an ani-  
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The k i n e t i c  d a t a  o b t a i n e d  i n v i t e  mechan is t i c  i n t e r p r e t a t i o n s .  F i r s t ,  i n  regard 
t o  methane fo rmat ion ,  gua iaco l  and a n i s o l e  o f f e r  s t r i k i n g  c o n t r a s t s .  
s t r a t e  produced methane a t  r a t e s  a hundred t imes f a s t e r  than t h e  l a t t e r ;  a l so ,  methane 
f o r m a t i o n  f rom gua iaco l  was s t o c h i o m e t r i c a l l y  l i n k e d  w i t h  p r o d u c t i o n  o f  c a t e c h o l  
whereas t h a t  f rom a n i s o l e  was a s s o c i a t e d  w i t h  a p p r e c i a b l y  l e s s  t h a n  s t o c h i o m e t r i c  
amounts o f  phenol; f i n a l l y ,  t h e  produc ts  f r o m  a n i s o l e  p y r o l y s i s  i n c l u d e d  numerous 
methyl-benzenes and methy l -pheno ls ,  s u g g e s t i v e  o f  r a d i c a l  m e t h y l a t i o n ,  whereas such 
produc ts  were absent f r o m  g u a i a c o l  p y r o l y s e s .  Thus t h e  gua iaco l  e v i d e n t l y  had access 
t o  a methane-forming pathway t h a t  was f a r  more f a c i l e  t h a n  t h e  r a d i c a l  pathway l i k e l y  
r e s p o n s i b l e  (11) f o r  methane f o r m a t i o n  f rom a n i s o l e .  A p o s s i b l e  p e r i c y c l i c  r e a c t i o n  
p a t h  a c c e s s i b l e  t o  g u a i a c o l ,  b u t  n o t  t o  a n i s o l e ,  i n v o l v e s  the  concer ted  group t rans-  
fewshown i n  (RO). 
which iras f i r s t  o r d e r  w i t h  ( l o g  A, E*) = (10.9, 43.7), a r e  r e l e v a n t .  The va lue  of 
log.  A i m p l i e s  a t i g h t  t r a n s i t i h !  s t a t e  w i t h  a c t i v a t i o n  en t ropy  AS+= -12 cal /mol K; 
t h i A O i s  c l o s e  t o  t h e  magnitude expected f o r  t h e  l o s s  o f  two bond r o t a t i o n s  t h a t  must 
accompany gua iacy l  m o i e t y  a l i g n m e n t  f o r  concer ted  methane e l i m i n a t i o n .  Fur ther ,  t he  
observed a c t i v a t i o n  energy f o r  ( R l )  i s  c l o s e  t o  t h e  va lues  o f  45i3  kca l /mo l  t h a t  have 
been r e p o r t e d  f o r  i s o e l e c t r o n i c  group t r a n s f e r  e l i m i n a t i o n s  o f  hydrogen and methane 
from var ious  1,4 cyclohexadienes (18).  F i n a l l y ,  i f  ( R l )  i s  indeed p e r i c y c l i c  l i k e  
( R O ) ,  then  i t s  k i n e t i c s  should be dominated by  f r o n t i e r  o r b i t a l  i n t e r a c t i o n s  between 
t h e  methane and o-d iqu inone produc ts .  However, methane has a r e l a t i v e l y  l a r g e  HOlQ- 
LUMO energy gap, w h i l e  t h e  d iqu inone,  wh ich  i s  f u r t h e r  conjugated, must have a smal l  
HOMO-LUNO separa t ion .  Thus t h e  dominant f r o n t i e r  o r b i t a l  energy d i f f e r e n c e s ,  of the  
f o r m  HOPlO(methane)-LUMO(diquinone) ana v.v., shou ld  be r e l a t i v e l y  l a r g e  and o n l y  
l i t t l e  i n f l u e n c e d  by s u b s t i t u e n t s  on t h e  d iqu inone.  E x p e r i m e n t a l l y ,  i t  was seen i n  
Tab le  2 t h a t  t h e  k i n e t i c s  o f  methane f o r m a t i o n  f r o m  gua iaco l  were i n s e n s i t i v e  t o  sub- 
s t i t u e n t s .  Turn ing  n e x t  t o  carbon monoxide f o r m a t i o n ,  i t  was c l e a r  t h a t  benzaldehyde 
produced CO v i a  (R3) f a r  f a s t e r  t h a n  acetophenone, wh ich  l a t t e r  y i e l d e d  a produc t  
spectrum suggest ive  o f  a r a d i c a l  decomposi t ion.  
t h a t  t h e  pathway (R3) m i g h t  i n v o l v e  a n o n - l i n e a r  c h e l e t r o p i c  mechanism (15),  w i t h  t h e  
concer ted  s h i f t  o f  hydrogen, as i n  t h e  aldehyde, be ing  more f a c i l e  t h a n  t h a t  o f  
methy l ,  as in t h e  ketone. A l though m o l e c u l a r  mechanisms f o r  CO r e l e a s e  f rom benz- 
aldehyde have p r e v i o u s l y  been ment ioned (16,17), c h e l e t r o p i c  e x t r u s i o n s  s p e c i f i c a l l y  
have n o t  h i t h e r t o  been proposed. I n  t h e  p r e s e n t  case, Ar rhen ius  parameters f o r  the  
f i r s t  o r d e r  forward r e a c t i o n  (R3), namely ( l o g  oA, E*) = ( 9 . 5 ,  41.5), can be combined 
w i th  thermochemical d a t a  of (AH (kcal /mol) ,AS I c a l l m o l  K)) = (2.3, 25.5) t o  p r o v i d e  
a c t i v a t i o n  parameters f o r  t h e  bymolecu la r  r e v g r s e  r e a c t i o n ,  namely ( l o g  A (2/mol s) ,  
E*) = (5.7, 39.2). The r e v e r s e  o f  c h e l e t r o p i c  e x t r u s i o n  i s ,  o f  course , ' the le t rop ic  
a d d i t i o n ,  which i s  w e l l  known (15,19) t o  possess t i g h t  t r a n s i t i o n  s t a t e s  a k i n  t o  
c y c l o a d d i t i o n .  It i s  t h e r e f o r e  i n t e r e s t i n g  t h a t  t h e  parameters i n f e r r e d  f o r  t h e  
r e v e r s e  of r e a c t i o n  (R3) y i e l d  an a c t i v a t i o n  e n t r o p y  ASt= -36 ca l /mo l  K, o f  magnifude 
t y p i c a l l y  encountered i n  c y c l o a d d i t i o n s .  Also,  c h e l e t r o p i c  d e c a r b o n y l a t i o n  r e a c t i o n s  
a r e  r e p o r t e d  i n  the  l i t e r a t u r e  (20) t o  e x h i b i t  g r e a t  s e n s i t i v i t y  t o  s t e r e o e l e c t r o n i c  
f a c t o r s  and indeed t h e  p r e s e n t  k i n e t i c  d a t a  showed CO f o r m a t i o n  t o  be a p p r e c i a b l y  
a f fec ted  by  m o d i f i c a t i o n s  o f  t h e  benzaldehyde s t r u c t u r e  t o  v a n i l l i n  and cinnamalde- 
hyde. The fo rego ing  arguments suggest t h a t  p e r i c y c l i c  group t r a n s f e r  e l i m i n a t i o n  
and c h e l c t r o p i c  e x t r u s i o n  c o n s t i t u t e  p l a u s i b l e  r e a c t i o n  mechanisms f o r  methane and 
carbon monoxide fo rmat ion  r e s p e c t i v e l y  f r o m  g u a i a c o l  and benzaldehyde pyro lyses .  

The former sub- 

Here t h e  exper imenta l  a c t i v a t i o n  parameters o b t a i n e d  f o r  (R l ) ,  

I n  r e g a r d  t o  benzaldehyde, we suspect 
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Table 1 .  Experimental Grid 

Set  Substrate S t ruc ture  

Guaiacol 

Benza 1 de hyde 

2,6 dime thoxy phenol 

Iso-eugenol 

Vani 1 1 i n 

t - C  i nnara 1 de hyde 

Ani so l  e 

Acetophenone 

Reaction Conditions 

Puri ty  Temperature Holding 

w t %  c S 
Range Times 

99 250-525 110-6000 

99 300-500 120-3600 

99 300-500 120-1 800 

99 300-500 60-1 560 

99 300-500 120-1 500 

99 250-600 120-1 500 

98 344-550 180-1 500 

98 350-550 120-4980 

Table 2. Sumnary o f  Kinetic Data a t  400C 

Pathway: 

Se t  Substrate Rate Constant: 

1 Guaiacol 

2 Benzaldehyde 

3 2,6 dimethoxyphenol 

4 Isoeuoenol 

5 Vanillin 

6 t-Ci nnamaldehyde 

7 Anisole 

8 Acetophenone 

R1 

logioki 
-3.2 

-3.1 

-3.2 

-3.4 

R2 

10910k2 

-3.8 

-3.6 

-3.7 

I n i t i a l  
Concentration 
mol/l 

0.46-3.07 

0.16-3.3 

0.32 

0.33 

0.85 

0.38-1.3 

0.46-3.07 

0.14-1.4 

R3 

log10k3 

-3.7 

- 
- 

-2.5 

-3.4 

- 

R4 

log10k4 

-4.5 

-6.3 

Notes: See tex t  f o r  pathway def in i t ions .  All k i n  s-'. 
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